Osteosarcoma is a highly malignant bone tumor. However, due to the high complexity of the occurrence and metastasis of osteosarcoma, the exact mechanism promoting its development and progression remains to be elucidated. This study highlights the causal link between solute carrier family 25 member 22 (SLC25A22) and the development, progression, and metastasis of osteosarcoma. SLC25A22 is upregulated in human osteosarcoma and predicts a poor prognosis. The upregulation of SLC25A22 in osteosarcoma tissues was significantly associated with cell proliferation, invasion, and metastasis. Studies of functional gain (overexpression) and loss (knockdown) showed that SLC25A22 significantly increases the ability of osteosarcoma cells to proliferate, as well as invade and metastasize in vitro. At the same time, the expression of SLC25A22 promoted the progression of the cellcycle of osteosarcoma cell lines and inhibited the apoptosis of osteosarcoma cells. Analysis using a mouse xenograft model showed that xenografts of SLC25A22 stable overexpressing osteosarcoma cells had a significant increase in tumor volume and weight compared to the control group. Lung metastasis models in mice showed that expression of SLC25A22 promoted lung metastasis of osteosarcoma in vivo. Furthermore, SLC25A22 inhibited phosphatase and tensin homolog expression and increased phosphorylation of protein kinase b (Akt) and Focal Adhesion Kinase (FAK) in the phosphatase and tensin homolog signaling pathway. In summary, SLC25A22 is highly expressed in osteosarcoma, promoting osteosarcoma cell proliferation and invasion by inhibiting the phosphatase and tensin homolog signaling pathway.
Introduction
Osteosarcoma is the most common primary bone malignancy in children and adolescents, with an annual incidence of approximately 4 per 100 million. [1] [2] [3] Prior to 1970, the 5-year survival rate was less than 20% for the treatment of limbless osteosarcoma without amputation, 4 with the main cause of morbidity being lung metastasis. Despite numerous studies conducted by many international research institutions, the survival rate of bone remains the same. 5 After considerable progress in magnetic resonance imaging, limb salvage surgery, and neoadjuvant chemotherapy, the clinical diagnosis, and treatment of osteosarcoma has once again plateaued. 6, 7 The mechanisms of cell proliferation, metastasis, and neovascularization of osteosarcoma are extremely complex, involving many signal transduction pathways. An in-depth understanding of the pathogenesis of osteosarcoma, new therapeutic drugs and approaches, as well as further improvement in prognosis are still required. 8 The p53 gene and retinoblastoma (Rb) inhibitory genes play an important role in the pathogenesis of osteosarcoma. [9] [10] [11] In osteosarcoma, mouse double minute 2 (MDM2) and cyclindependent kinase 4 (CDK4) are frequently amplified or overexpressed, and MDM2 gene products can interact with p53 protein. In combination with inactivation, the CDK4 product is a cyclin-dependent protein kinase that easily inactivates Rb function, 12, 13 which may be its tumorigenic mechanism. Inhibition of tyrosine kinase signaling is a key area of targeted therapy for osteosarcoma.
14 Tyrosine kinase inhibitors can competitively block tyrosine kinase receptors or bind directly to it to block the signal transduction pathway.
Phosphatase and tensin homolog (PTEN) encodes a variety of special proteins that regulate cellular biological processes such as cell growth, proliferation, and migration, including inhibition of the progression of certain tumor cell cycles and promotion of apoptosis. 15, 16 Studies found that the occurrence, development, and prognosis of various human tumors such as glioma, breast cancer, prostate cancer, leukemia, and gastrointestinal tumors may be related to the abnormal expression of PTEN gene. [17] [18] [19] Down-regulation of PTEN gene expression and loss of function may play an important role in the development of multiple malignancies. Deletion of the PTEN gene is also found in osteosarcoma, and the positive expression rate of PTEN in osteosarcoma is significantly lower than that in adjacent tissues. 20 But whether the abnormal expression of PTEN plays a direct role in the occurrence and development of osteosarcoma and the molecular mechanism of this effect is not yet clear.
SLC25A22 is a member of the mitochondrial transporter family that facilitates the transport of glutamate across the inner mitochondrial membrane into the mitochondrial matrix. 21, 22 In previous studies, SLC25A22 has a tumorpromoting function, promoting proliferation and migration of colorectal cancer cells with mutant KRAS, and formation and metastasis of colorectal cancer xenograft tumors in mice. Patients with colorectal tumors that express increased levels of SLC25A22 have shorter survival times than patients whose tumors have lower levels. SLC25A22 induces intracellular synthesis of aspartate, activation of mitogen-activated protein kinase and extracellular signal-regulated kinase signaling and reduces oxidative stress. 23, 24 However, the role of SLC25A22 in tumor growth and metastasis regulation in osteosarcoma has not been fully elucidated. In this study, we investigated the biological effect, mechanistic action, and clinical implications of SLC25A22 in osteosarcoma.
Materials and Methods

Cell Lines and Materials
The U2OS, Saos-2, and HOS cell lines were purchased from ATCC and cultured in DMEM (Gibco, USA) supplemented with 10% FBS (Gibco, USA 
Immunohistochemistry
All osteosarcoma samples originated from the First Affiliated Hospital of Zhengzhou University. Paraformaldehyde-fixed osteosarcoma tissue samples were paraffin-embedded and sectioned. The sections were deparaffinized in xylene, quenched with hydrogen peroxide, then rehydrated with ethanol and antigen-recovered and blocked in sodium citrate buffer. Sections were incubated with SLC25A22 antibodies for 1 hour at room temperature, prior to incubation with secondary Horseradish Peroxidase (HRP)-polymerized antibodies, visualized with DAB, and counterstained with hematoxylin. The staining intensity and percentage of stained cells was then assessed. The immunohistochemical staining was evaluated by semi-quantitative methods, including staining intensity (0-negative, 1-low, 2-medium, 3-strong) and percentage of stained cells (0%-0%, 1%-1%-25%, 2%-25%-50%, 3%-50%-100%). The final evaluation results were obtained by adding the staining intensity score and the percentage score, 3 points or less was regarded as SLC25A22 low expression, and 4 points or more was considered as SLC25A22 high expression.
Reverse Transcriptase-Polymerase Chain Reaction
The TRIzol reagent was used to isolate total RNA from frozen tissue samples and cultured cells. Reverse transcriptasepolymerase chain reaction (RT-PCR) was performed on the RNA reverse-transcribed cDNA using SYBR Premix Ex Taq (Takara, China). The SLC25A22 primers, Forward-GCTGCCGGA CAGAAGTGG, Reverse-CATTGATGAGCTTGGCTGGC, were used in this study, with GAPDH used as an endogenous control gene. SLC25A22-shRNA sequences (CCGGCATCG CACAGGTGGTCTACTTCTCGAGAAGTAGACCACCT GTGCGATGTTTTTTG) were provided.
Cell Counting Kit-8 Assay
Cell proliferation was measured using the cell counting kit-8 (CCK-8) kit (Dojindo Laboratories, Japan). The treated cells were collected and inoculated into 96-well plates at a density of 4 cells per well and cultured for 24 to 72 hours. Then, 10 mL of CCK-8 solution was added to each well at 24, 48, and 72 hours, and cell viability was measured using a microplate reader at 450 nm absorbance.
Colony Formation Assay
Treated cells were seeded into 12-well plates with 100 cells per well, then cultured at 37 C for approximately 15 days. The cells on the plate were washed twice with phosphate buffer saline (PBS) solution and fixed with 4% paraformaldehyde for 30 minutes, before the addition of 500 mL of crystal violet for 15 minutes. Colonies were counted and statistically analyzed.
Cell Cycle Assay
The cell cycle assay was performed using 4 Â 10 6 treated cells, which were collected and fixed at 4 C in 70% ethanol overnight. The cells were then resuspended in PBS and incubated with 10 mg/mL RNase and 1 mg/mL propidium iodide for 30 minutes at 37 C. DNA content analysis was performed by flow cytometry (BD Biosciences, USA). Modfit software was used to analyze the distribution of cells in different stages of the cell cycle.
Cell Apoptosis Assay
In brief, 2 Â 10 6 osteosarcoma cells were inoculated in 6-well plates. After digestion to collect cells, cells were stained with Annexin V-FITC and PE-PI (Sigma-Aldrich, USA) in the dark for 5 minutes. Finally, the proportion of apoptosis was quantified by flow cytometry on a flow cytometer (BD Biosciences, USA).
Xenograft Tumor Model and Lung Metastasis Model in Vivo
Subcutaneous transplantation of tumors was achieved by implanting 4 Â 10 6 Saos-2 cells into the skin of BALB/c nude mice. The length and width of the tumor was measured every other week to determine the tumor volume. The mice were sacrificed at 35 days and the tumors were extracted and weighed. The lung metastasis model was established by injecting the treated 5 Â 10 6 Saos-2 cells into the BALB/c mice via the tail vein. The mice were sacrificed 30 days later to observe the metastases of the osteosarcoma cells in the lungs and statistically analyzed. All experiments were approved by the First Affiliated Hospital of Zhengzhou University Ethics Committee. 
Wound Healing Assay
Equal amounts of differently treated cells were seeded in 6-well plates to approximate confluence, linear wounds were carefully made with 200 mL sterile tips, cell debris was removed by washing with PBS, and cells were incubated for 24 hours. Photographs of the wound monolayer were taken at 0 and 24 hours after wounding.
Cell Invasion Assay
To measure cell invasion, a Transwell (Corning Incorporated) was placed in the well of a 24-well culture plate. In the lower chamber, 600 mL of DMEM medium containing 10% fetal bovine serum was added, with serum-free DMEM and treated 10 5 cells added to the upper chamber. After 24 hours of culture, the migrated cells were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. The number of cells was quantified by counting 3 independent fields under a light microscope.
TdT-mediated dUTP Nick-End Labeling (TUNEL) Assay
The treated Saos-2 cells were fixed in 4% paraformaldehyde for 30 minutes, washed once with PBS and incubated with 0.1% Triton X-100 in an ice bath for 2 minutes. The treated cells were then washed twice with PBS, 50 mL of TUNEL solution (Roche, 11684817910) was added and the cells were incubated at 37 C for 60 minutes. Finally, the cells were observed under a fluorescence microscope.
Statistical Analysis
The SPSS version 17.0 was used for all statistical analyses. All experimental data are expressed as mean (SD) of at least 3 independent experiments. The t test was used to analyze the differences between the experimental groups. Kaplan-Meier survival analysis was performed to analyze survival distribution. Spearman correlation analysis was used to assess the correlation between the expression levels of SLC25A22 and clinical data. All differences were considered statistically significant at P < .05.
Results
High Expression of SLC25A22 in Human Osteosarcoma
The RT-PCR results showed that the mRNA level of SLC25A22 was highly expressed in osteosarcoma tissues compared to adjacent tissues ( Figure 1A) . Similarly, SLC25A22 protein was highly expressed in tumor tissues ( Figure 1B) . The immunohistochemical (IHC) analysis of SLC25A22 expression in 40 pairs of tissue specimens showed that SLC25A22 is significantly higher expressed in osteosarcoma tissue than paracancerous tissue ( Figure 1C and D) . These 40 tumor tissues were further divided into a high-expression group and lowexpression group according to IHC scores, the results showed that SLC25A22 was closely related to the patient's ennecking stage and distal metastasis (P <.05, Table 1 ). Moreover, the survival of osteosarcoma patients with a high expression of SLC25A22 was significantly lower than that of patients with low SLC25A22 expression ( Figure 1E ). These results indicate that SLC25A22 is highly expressed in human osteosarcoma tissues and predicts a poor prognosis.
Increased Proliferation of Osteosarcoma Cell Lines by SLC25A22 In Vitro and In Vivo
Next, it was found that SLC25A22 is highly expressed in U2OS and Saos-2 cells, with lower expression in HOS cells (Figure 2A) . Therefore, U2OS, Saos-2, and HOS cells were selected as research models, with shRNA knockdown of SLC25A22 gene performed in U2OS and Saos-2 cells, and SLC25A22 overexpressed in HOS cells ( Figure 2B ). Knockdown and overexpression of SLC25A22 in osteosarcoma cells were then detected at both mRNA ( Figure 2C ) and protein levels ( Figure 2B ). In U2OS and Saos-2 cells, knockdown of SLC25A22 by shRNA significantly slowed cell proliferation. In HOS cells, overexpression of SLC25A22 increased the proliferation rate of cells ( Figure 2D) . Similarly, colony formation assays confirmed that the number of clones in SLC25A22 knockdown U2OS and Saos-2 cells was reduced, and the number of clones of HOS cells was increased by SLC25A22 overexpression ( Figure 2E) . Then, the functions of SLC25A22 were investigated in in vivo tumors. Subcutaneous tumorigenesis experiments were performed in nude mice with stably Figure 2G ) and weight ( Figure 2H ) being significantly smaller than those of the control group. In contrast, the HOS cell tumorigenicity, tumor volume, and weight increased after SLC25A22 overexpression ( Figure 2F-H) . Immunohistochemistry of SLC25A22-knockdown and overexpressed tumor tissues showed that the expression of proliferating cell nuclear antigen (PCNA) was significantly reduced after SLC25A22 knockdown, and increased after SLC25A22 overexpression ( Figure 2I ). Immunofluorescence staining showed that apoptosis-induced DNA damage was significantly increased in SLC25A22-knockdown tumor tissues by TUNEL assay ( Figure 2J ). These results indicated that SLC25A22 promoted the proliferation of osteosarcoma cell lines and tumor formation in nude mice models.
Acceleration of Cell Cycle Progression and Suppression of Cell Apoptosis by SLC25A22 in Osteosarcoma Cells
Compared to the control group, the G0/G1 phase ratio of SLC25A22 knockdown U2OS and Saos-2 cells was increased, and the ratio of S phase and G2/M phase was decreased, indicating that SLC25A22 knockdown inhibited cell cycle progression. In contrast, the ratio of G0/G1 phase in the cell cycle of HOS cells overexpressing SLC25A22 was decreased, and the ratio of S and G2/M phases was increased ( Figure 3A) . The expression of cell cycle-related proteins was examined before and after SLC25A22 intervention. After SLC25A22 knockdown in U2OS and Saos-2 cells, the expression of cyclin B1, cdc25c, and cyclin D1 was significantly decreased ( Figure 3B ). The expression of SLC25A22 was also associated with inhibition of apoptosis in osteosarcoma cells. SLC25A22 knockdown in osteosarcoma cell lines U2OS and Saos-2 resulted in a significant increase in the proportion of apoptotic cells compared to the control group ( Figure 3C ). When cells are in apoptosis, caspase-3, caspase-9, and PARP will be cleaved, which can be used as a marker of apoptosis. There was a significant increase in the expression of cleaved caspase-3, cleaved caspase-9, and cleaved PARP as well as an increase in the expression of apoptosis-related protein Bad after SLC25A22 knockdown in U2OS and Saos-2 cells ( Figure 3D ). In summary, SLC25A22 could accelerate the progression of osteosarcoma cell cycle and inhibit osteosarcoma cell apoptosis.
Promotion of the Invasion and Metastasis of Osteosarcoma Cells Attributed to SLC25A22 Altering the PTEN Signaling Pathway
In the wound healing assay, the migration ability of U2OS and Saos-2 cells after SLC25A22 knockdown was decreased, while HOS cell migration speed after SLC25A22 overexpression was increased ( Figure 4A ). In Transwell experiments, U2OS and Saos-2 cells after SLC25A22 knockdown reduced cell invasion, and HOS cells increased after SLC25A22 overexpression ( Figure 4B ). Epithelial to mesenchymal transition (EMT) promotes invasion and metastasis of tumor cells. E-cadherin inhibits this process, whereas vimentin and MMP-9 promotes EMT. The expression of E-cadherin in SLC25A22 knockdown U2OS and Saos-2 cells increased, with a decreased expression of vimentin and MMP-9, whereas overexpression of SLC25A22 caused the opposite in HOS cells ( Figure 4C ). The PTEN signaling pathway participates in this process, as knockdown of SLC25A22 reduced PTEN expression and increased phosphorylation of Akt and FAK ( Figure 4D) . Next, the Saos-2 cells knocked down by SLC25A22 were injected into nude mice via the tail vein to establish a metastatic model of osteosarcoma cells. The HE staining showed that the control group of osteosarcoma cells metastasized in the lung, while the lung metastasis cells were significantly reduced after SLC25A22 knockdown ( Figure 4E and 4F). Furthermore, the proportion of lung metastases after SLC25A22 knockdown was significantly reduced ( Figure 4G ). Based on the above results in cell lines and mice model, we hypothesize that SLC25A22 promoted the invasion and metastasis of osteosarcoma by regulating the PTEN signaling pathway.
Discussion
It is well known that SLC25A22 encodes a high-capacity mitochondrial glutamate carrier expressed in cells with increased metabolic demands. 25, 26 There is growing evidence that metastatic lesions may encounter more oxidative stress than primary tumors, therefore requiring the upregulation of the tricarboxylic acid cycle (TCA) cycle intermediates. 27 Studies have shown that high expression of SLC25A22, which encodes the mitochondrial glutamate transporter in other tumors, alters the production of mitochondria-associated metabolic pathways and metabolites, including amino acid metabolism such as alanine and aspartic acid, and the ornithine cycle. 24 After interference with the tumor suppressor PTEN, the glutamate transportermediated increase in glutamate metabolism is enhanced, while inhibition of PTEN inhibits the proteasomal degradation pathway of glutamate transporters. 28 Therefore, the promotion of SLC25A22 in osteosarcoma may also depend on the PTENmediated glutamate metabolic pathway.
It has been shown that SLC25A22 is a novel oncogene in KRAS-mutant colorectal cancer. SLC25A22 knockdown inhibits cell growth and migration/invasion in KRASmutant colorectal cancer cells in vitro, attenuating tumorigenicity and metastasis in vivo. 23 This study was the first to demonstrate that SLC25A22 promotes the proliferation and metastasis of osteosarcoma cells by regulating the PTEN signaling pathway, and is significantly correlated with the poor prognosis of patients with osteosarcoma. Downregulation of SLC25A22 significantly inhibited the proliferation of osteosarcoma cell lines, increased the apoptosis of osteosarcoma cell lines and significantly increased cells in G0/G1 phase. Transwell experiments confirmed that the downregulation of SLC25A22 significantly decreased the invasion and migration of osteosarcoma cells. Studies have shown that the positive expression rate of PTEN in osteosarcoma is significantly lower than that in cartilage tissue, suggesting that the expression of the PTEN protein is decreased in osteosarcoma, thus losing the negative regulation of cell cycle, causing abnormal proliferation of cells and leading to tumorigenesis. 29 The molecular biology of PTEN regulation in osteosarcoma is mainly the mutation or heterozygous deletion of the PTEN gene. The protein encoded by the PTEN gene can negatively regulate the PI3K/Akt signal transduction pathway in osteosarcoma, antagonizing this signal pathway to inhibit the pathological process of the tumor. 30 The Western blotting data showed that the expression of the PTEN protein in osteosarcoma cell lines was significantly increased after SLC25A22 expression was inhibited. Therefore, SLC25A22 can regulate the biological behavior of osteosarcoma cells by inhibiting PTEN.
Epithelial to mesenchymal transition is a critical step in the invasion metastasis cascade. [31] [32] [33] This study showed that SLC25A22 induced EMT phenotypes in osteosarcoma cells by activating mesenchymal markers and downregulating epithelial markers. In addition, knockdown of SLC25A22 reduces the expression of MMP9, which plays an important role in the formation of the tumor microenvironment and in the promotion of cancer progression and metastasis. 34 However, the mechanism by which SLC25A22 regulates EMT and MMPs needs further exploration.
Metastatic cancer cells undergo significant metabolic rewiring and this metabolic plasticity allows them to survive under restricted conditions. [35] [36] [37] The present study shows that the metabolic enzyme SLC25A22 promotes the invasion and metastasis of osteosarcoma. Mechanistically, the PTEN signaling pathway is involved in role of SLC25A22 in the invasion and metastasis of osteosarcoma. These findings suggest that the SLC25A22/PTEN pathway is a new mechanism for osteosarcoma metastasis, so PTEN inhibitors may be useful for treating patients with osteosarcoma with high SLC25A22 expression.
